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Abstract—Magnetic anisotropy perpendicular to the ribbon
axis was induced in nanocrystalline FeCuNbSiB ribbons by crys-
tallization under tensile stress, and the relative permeability of
the ribbon was approximately 250. Toroidal cores for a choke coil
were prepared from the ribbons. The magnetic loss decreased with
increasing the core diameter and it was found that deterioration
of magnetic properties due to formation of a toroidal core was
suppressed by making the core diameter larger than the critical
diameter determined from the values of magnetostriction and
induced anisotropy. As a result, toroidal cores with extremely low
loss were achieved. The permeability of the cores developed was
kept constant up to 1 MHz and their magnetic loss was much
smaller than the loss values reported previously for nanostruc-
tured and amorphous cores with low permeability. The measured
magnetic loss agreed with the calculated classical eddy current
loss. In addition, the permeability and magnetic loss were kept
constant up to the dc bias field, being three times higher than that
applicable to a ferrite cut core with the same permeability value.
Index Terms—Induced anisotropy, magnetic cores, magnetic
losses, nanocrystalline alloy, permeability.
I. INTRODUCTION
T HE size reduction of magnetic components such as chokecoils and linear inductors is needed for the miniaturization
of electronic devices. The materials for this purpose are required
to have high saturation magnetization, low magnetic loss, and
suitably low permeability (typically 100–500). Although ferrite
cores with air gaps have been widely used for this purpose up
to now, small saturation magnetization and leakage flux from
air gaps have prevented a further size reduction of magnetic
components.
In order to overcome this difficulty, amorphous cut cores [1],
nanocrystalline cut cores [2], partially crystallized amorphous
cores [3], [4], nanocrystalline cores with pinning sites [5], and
amorphous powder cores [6], [7] have been studied. However,
cores with both low permeability and low loss have not yet been
achieved, because the magnetic loss increased with decreasing
the permeability in these cores. Thus, we proposed to utilize
nanostructured metallic ribbons with creep-induced anisotropy
for this purpose [8], because they have high saturation magneti-
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Fig. 1. SEM micrographs of domain pattern observed at edge and center of
Fe Cu Nb Si B ribbon. (a) Edge of ribbon. (b) Center of ribbon.
zation and small magnetic loss. Their permeability can be con-
trolled by the creep-induced anisotropy [9], [10]. We also re-
ported high-performance metallic cores for choke coils using
the creep-induced anisotropy [11]. In this study, we improved
their magnetic properties further by controlling their diameter
and magnetostriction, and achieved extremely low loss.
II. EXPERIMENT
In order to control magnetostriction, two kinds of amorphous
ribbons, Fe Cu Nb Si B and Fe Cu Nb Si B
ribbons (Ribbons 1 and 2, respectively), 65 cm in length,
5 mm in width, and 20 m in thickness, were crystallized
under a tensile stress of 200 MPa, and nanostructured ribbons
with creep-induced anisotropy were obtained. The magnetic
anisotropy of approximately 2.2 kJ/m, whose easy axis of
magnetization lies in the transverse direction, was induced by
the annealing. Fig. 1 shows the domain patterns observed for
Ribbon 2 at the edge and the center of the ribbon. Magnetic
domains lying nearly perpendicularly to the ribbon axis suggest
that magnetization varies mainly by its rotation with the sweep
of an applied field. The small domain width at the edge of the
ribbon can be attributed to a large demagnetizing field in the
vicinity of the edge. Toroidal cores, whose inner diameter is
1.0, 1.5, 2.0, 2.5, and 3.2 cm, were prepared from the ribbons
obtained.
The saturation magnetostriction constantof the ribbon was
calculated from the change of the anisotropy constant due to
an application of tensile stress, and thevalues of Ribbons
1 and 2 after crystallization were determined to be 3.310
and 0.6 10 , respectively. The Young moduluswas deter-
mined by a vibrating reed method [12]. The dc and ac mag-
netic properties of the cores prepared were measured with a
computer-aided B–H tracer (Riken BHS40) and a B–H analyzer
(Iwatsu SY-8232), respectively.
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Fig. 2. Dependence of magnetic loss per cycleW=f on ratio of core diameter
to critical diameterD=D . The magnetic loss was measured atB = 0:1T and
f = 100 kHz. The arrow in the figure indicates the classical eddy current loss
calculated in consideration of the skin effect. The ribbon thickness of 20m and
the resisitivity of 1.2
m were used in the calculation of the eddy current loss.
The inset is a dc hysteresis loop of the core withD = 2:0 cm(D=D = 3:33)
prepared from the Fe Cu Nb Si B ribbon.
III. SUPPRESSION OFDETERIORATION OFMAGNETIC
PROPERTIESDUE TO FORMATION OF TOROIDAL CORE
In the process of forming a toroidal core from ribbon,
mechanical stress induces a magnetic anisotropy through the
magnetoelastic effect. The mechanical stress is positive in the
outer sides and negative in the inner sides of the ribbon, and
their absolute values reach the maximum at both surfaces.
If the creep-induced anisotropy and/or the core diameter
are too small, the stress-induced anisotropy overcomes the
creep-induced anisotropy and the magnetization in a part of
the core lies in the circumferential direction. Consequently,
magnetic properties of the prepared core are expected to be
deteriorated significantly. In order to avoid this deterioration,
is required to exceed a critical diameter under which the
easy axis of magnetization lies in the transverse direction in the
whole core. Under the assumption that the core diameteris
much larger than the ribbon thickness, is given as [9]
(1)
where is the creep-induced anisotropy constant. Substi-
tuting material parameters for our ribbons ( for
Ribbon 1 and 0.6 10 for Ribbon 2, N/m ,
m, kJ/m ) into (1), 3.2 and
0.6 cm for Ribbons 1 and 2, respectively, are deduced.
Fig. 2 shows the dependence of magnetic loss per cycle
at T and kHz on for the cores
prepared from Ribbons 1 and 2. The magnetic loss de-
creased with increasing and reached a constant value at
. The constant value agreed with the classical
eddy current loss calculated in consideration of the skin effect.
For the cores with , the magnetization curve is nearly
linear up to the saturation, as shown in the inset. These results
strongly suggest that the deterioration of magnetic properties
due to the processing can be suppressed under the condition of
.
IV. M AGNETIC PROPERTIES OFTOROIDAL CORES
WITH
Frequency dependences of the relative permeabilityand
are shown in Fig. 3 for the three cores with ,
Fig. 3. Frequency dependences of relative permeability and magnetic loss
per cycleW=f measured atB = 0:1 T, together with classical eddy current
loss calculated in consideration of skin effect. The closed and open symbols
indicate the results for the cores prepared from Ribbons 1 and 2, respectively.
TABLE I
MAGNETIC LOSSPER CYCLE W=f AND RELATIVE PERMEABILITY 
MEASURED ATB = 0:1 T AND f = 100 kHz FORSOME MAGNETIC CORES
WITH LOW PERMEABILITY AND LARGE SATURATION MAGNETIZATION
together with the calculated eddy current loss. As shown in
the figure, was constant up to 1 MHz. The measured mag-
netic loss agreed with the eddy current loss, which suggests
that of the cores developed is the lower limit expected for
this material. This extremely low loss can be attributed to the
magnetization process due to the magnetization rotation sug-
gested by the domain patterns shown in Fig. 1. The loss of our
cores is much lower than that reported previously for amorphous
and nanostrucured cores with low permeability, as indicated in
Table I, and is comparable with that for a toroidal ferrite core of
the highest grade.
Dependences of and on dc bias field are shown in
Fig. 4 for the Fe Cu Nb Si B (Ribbon 2) core with
cm, together with that for an air-gapped ferrite core (TDK
H S, T). The loss and of the prepared cores were
kept constant up to the dc bias field of approximately 3 kA/m.
This applicable maximum dc bias field is approximately three
times as large as that for the ferrite core with the samevalue.
In addition, the frequency dependence of did not change
even under the dc bias field, as shown in Fig. 5.
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Fig. 4. Dependences of relative permeability and magnetic loss per cycle
W=f on dc bias field, together with those for a ferrite cut core (TDK HS,
B  0:48 T).
Fig. 5. Effect of dc bias field on frequency dependence of magnetic lossW=f
of cores prepared from Fe Cu Nb Si B ribbon. The magnitude of the
dc bias field was set to 500 A/m.
V. CONCLUSION
The permeability and the magnetization process of
nanostructured FeCuNbSiB ribbon were controlled by
creep-induced anisotropy. Deterioration of magnetic properties
due to the winding of ribbon could be suppressed by controlling
the core diameter. As a result, toroidal cores for choke coils
with extremely low losses and a high saturation magnetization
were developed.
The relative permeability of the cores developed was approx-
imately 250 and was constant up to 1 MHz. The measured mag-
netic loss was much smaller than the loss values reported previ-
ously for nanostructured and amorphous cores with low perme-
ability, and agreed with the classical eddy current loss calculated
in consideration of the skin effect. The permeability and mag-
netic loss of the cores developed were constant up to the dc bias
field, being three times higher than that applicable to a ferrite cut
core with the same permeability value. These superior magnetic
properties suggest that nanostructured FeCuNbSiB ribbons with
creep-induced anisotropy are promising materials for magnetic
cores used under dc biased field.
REFERENCES
[1] H. Fukunaga, T. Eguchi, Y. Ohta, and H. Kakehashi, “Core loss in
amorphous cut cores with air gaps,”IEEE Trans. Magn., vol. 25, pp.
2694–2698, May 1989.
[2] , “High performance cut cores prepared from crystallized Fe-based
amorphous ribbons,”IEEE Trans. Magn., vol. 26, pp. 2008–2010, Sept.
1990.
[3] H. R. Hilzinger and G. Herzer, “Effects of surface crystallization on the
magnetic properties in iron-rich metallic glasses,”Mater. Sci. Eng., vol.
99, pp. 101–104, Mar. 1988.
[4] M. Nakano, H. Ikezoe, and H. Fukunaga, “Loss and permeability of par-
tially crystallized amorphous cores under dc biased field,”J. Magn. Soc.
Japan, vol. 23, pp. 200–202, Jan. 1999.
[5] H. Fukunaga, Y. Ichiki, M. Nakano, Y. Ohta, H. Kakehashi, and H. Oga-
sawara, “New soft magnetic material with constant and adjustable per-
meability,” IEEE Trans. Magn., vol. 33, pp. 3787–3789, Sept. 1997.
[6] I. Endo, H. Tastumi, I. Otsuka, H. Yamamoto, A. Shintani, H. Koshi-
moto, M. Yagi, and K. Murata, “Magnetic properties of compressed
amorphous powder cores and their application to a fly-back converter,”
IEEE Trans. Magn., vol. 36, pp. 3421–3423, Sept. 2000.
[7] S. Yoshida, T. Mizushima, T. Hatanai, and A. Inoue, “Preparation of
new amorphous powder cores using Fe-based glassy alloy,”IEEE Trans.
Magn., vol. 36, pp. 3424–3429, Sept. 2000.
[8] H. Fukunaga, N. Furukawa, H. Tanaka, and M. Nakano, “Nanostruc-
tured soft magnetic material with low loss and low permeability,”J.
Appl. Phys., vol. 87, pp. 7103–7105, May 2000.
[9] L. Kraus, K. Záv̌eta, O. Heczko, P. Duhaj, G. Vlasák, and J. Schneider,
“Magnetic anisotropy in As-quenched and stress-annealed amorphous
and nanocrystalline Fe Cu Nb Si B alloys,” J. Magn. Magn.
Mater., vol. 112, pp. 275–277, 1992.
[10] G. Herzer, “Creep-induced magnetic anisotropy in nanocrystalline
Fe–Cu–Nb–Si–B alloys,”IEEE Trans. Magn., vol. 30, pp. 4800–4802,
Nov. 1994.
[11] H. Fukunaga, H. Tanaka, T. Yanai, M. Nakano, K. Takahashi, and Y.
Yoshizawa, “High-performance nanostructured cores for choke coils
prepared by using creep-induced anisotropy,”J. Mang. Magn. Mater.,
submitted for publication.
[12] A. Kinbara, S. Baba, N. Matsuda, and K. Takamisawa, “Mechanical
properties of and cracks and wrinkles in vacuum-deposited MgF,
carbon and boron coatings,”Thin Solid Films, vol. 84, pp. 205–212,
Oct. 1981.
Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on March 04,2010 at 20:34:33 EST from IEEE Xplore.  Restrictions apply. 
